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I. «\NTRODUCTION

The study of zeizmic delector sensilivily ha= been in progre== at RCA Laboratories
under contract AF{49(68353% 1050 since 15 June 1881, The oniginal fifteen month contract period

has sub=egquently been extended for two additional twelve month periods,

The goal which was originally stated for the project was *'to determine those factors
which limit the sensitivity of seismic deteclors ang (o a=timate the maximum cbtainable =en=si-
rivity with techniques available in the foresecable future as a function of the required frequency
tange, limitations imposed upon the size and weight of the mass, the environmert: conditions
under which the instrument must work and any other parameters which are found to be significant,
corroborating these findings wherever possible by experiment.”

Five semiannual reportz have been issued in the course of thi. wark plus a Technical
Summary Report issued at the end of the first fifteen months, The more iz __tant results from
these reports are summarized in Section Il of this final report.

Ir Section 11, noize spectrum measurements are presented for several amplifiers, in-
cluding the United Electrodynamics GA-220 galvarometer amplifier. the Electrotech SPA-1-1
solid state amplifier and a solid state amplifier obtained from the Weston Observatory, The
noise specirum curves from severel amplifiers tested earlier are presented in a form somewhat

different from the earlier presentations in order to permit easier comparisons among them,

In Section IV the practical problem of choosing the transducer parameters of the seis-
mometer in order to optimize the signal to noise ratio when driving & given amplifier is dis.
cussed and general guidelines are presented.

In Section V signal to noise figures including both thermal noise and amplifier noise,
are presented for several =eismometer-amplifier combinations including the Johnson-Matheson
Vertical seismometer and the Hall-Bears H8-10-1 seismometer and the Texaz Inatruments RA-1
amplifier, the Electrotech SPA-1-1, the Geotech GPTA and the UED GA-220 amplifier.

In Section VI further discuasion of the ‘‘detectability’’ criterion for signals in the
presence of noise of various bandwidths is presented. Examples of the detectability of sinysoidal

bursts of varying lengths are shown and the effective bandwidth of the eve as a filter of visusl
records is estimated.
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Il. SUMMARY OF WORK TO DATE

It 1= well known amony those who are engaged in reseacch of any type that knowledge is
seldym gained in the logical and orderiy manner in which it is presented in textbooks. It is often
more irteresting and instructive to follow the actual course of a learning process than an “‘ad
hoc' idealization of the most straightforward procedurs, Therefore, this summary of the past
work of thi= contract 1s presented in a more or less chronological order with some indication of

the motivation for various phases of the work given wherever possible.

A. THE BAS!IC AMALYTICAL AFPPROACH

The fundamental and unavoidable limitations to sensitivity of seismic delectors appeur
to be the thermal noise of the mechanical and electrical elements of the seismometer and trans-
ducer and the noise of the amplifier, inherent in the sctive internal processes which provide the
amplification. From the outset the basic analytical approach has been to evaluate sensitivity in
terms cf the ratio of electrical signal volizges and noise voltage spectra appesring at the input
terminale of the amplifier. This procedure required that the mechanical elements of the seis-
mometer, i.e., the inertial mass, the spring, snd th> mechanical losses, be reprezented by the
analogous elecirical components and circuits which appear to be present when viewed from the
electrical terminals of the transducer. The thermal noise voltage spectrum appearing at the
amplifier input terminals co:'d then be calculated conveniently by means of the familiar Nyquist

noise relations.

The validity of calculating the thermal noize of mechanical configurations by analysis
of the analogous electrical circuit has been established by C. J. Byrne' from general thermo-
dynamic considerations, and in Semiannual Tecanical Summary No. 2 of this contract by deriving
the spectral density functions for therinal noise forces and velocities in mechanical configurations

from the motion of the molecules of the damping medium.

In the very early work under this vontract, following the lead of Woli, ? most of the atten-
tion was focussed on the ihermal noise limitation. Using the technique outlined above, Wolf's
analysis was generalized to permit consideration of damping other than critical and the improve-
ment of signal to noise ratios by the use of suitable band limiting filters. Several other methods
of improving signal to thermal noise ratio and thereby reducing the required minimum inertial

mass ware considered.

‘e, . Byrne, “Instrument Noise in Seismometers™ Bull, Seis. Soc. Am., Vol. 51, No. 1, January 1861,

2A’1fmd Wolf, **The Limiting Sen=itivi.y of Seismic Detectors, Geophysics, Vol. VI, No. 2, April 1842,




B. REFRIGERATION OF AN EXTERMAL DAMPING RESISTANCE

One of the means considered for reducing the thermal noise was that of refrigerating an
thermal noise spectrum of & seismometer was presented in Semiannsal Tecunical Summary No. 2
and suhsequently expanded in the Technical Summary Report issued at the end of the first 15

month coniract period,

Thi= analysis, which consideted only the moving coil type of velocity transducer, showed
that temperatures lower than that of liquid nitrogen would be required to achieve a detectable

reduction in thermal noise for transaucers of typical efficiency.?

All of the analysis of thermal noise performed in the course of this coniract has assumed
a moving coil or moving magnet transducer. This type of transducer was chosen because 1t lends
itself conveniently to analysis, becauseof 1ts simplicity of construction and large dynamic range,
and the fact that it has been used successfully in a great many high sensitivity instruments,
Although discussion of the basic theory of vperation of several types of capacitor transducers
was presenied in semiannual report No, 2 along with some rudimentary attempts to estimate

sensitivity limits, nothing further has been done with displacement transducers.

C. INITIAL WORK ON FEEDBACK

Some attention was also given in the original proposal and early reports to the possibility
of improving the signal to thermal noise ratio of the system by means of fsedback around a two-
tenninal external damping resistor to reduce its effective noise temperature. The feasibility of
this idea was found to hinge upon the availability of an amplifier with an inherent internal noise
{or **excess noize’’} smaller than the thermal noise of its input resistance over the desired fre-

cuency range,

It was the need to find an amplifier for this feedback scheme that furnished the initial
motivation for developing equipment and techniques for measuring the noise spactra of amplifiers.
Subsequently, as the work progressed, measurements of amplifier noise spectra made with this
equipment made it possible to establish the nature of the sensitivity limitation imposed by the

amplifier itself for several amplifiers frequently used with high sensitivity seismometers.

It should be noted that the initial investigations of feedback have indicated that the degree
of improvement which is possible with existing amplifiers and seismometers would be small and

probably would not justify the additional complication involved,

3t was in the course of this analysis that some of the relationships between transducer efficiency and the
volumes of the magnet and coil and the other parameters of the system were recognized. The oroblem of
optimizing the efficiency of transducers of the moving coil or moving magnet type was considered in much
greater detail in Semiannual Technical Summary, No. 4, The subject of transducer design and optimization
is guite involved, however, and the discussion given in this report treated the problem only in sufficient
depth to develop the relations necessary for the noise analysisz.




D. NOISE MEASURING EQUIPMENT

The amplifier noise spectrum measuring equipment has been described in considerable

detail in the semiannual repori= and a brief desc iption should suffice at this point,

The equipment permits the measurement of the mean sguare noise voltage in a one-third
octave band centered at any frequ. ~cv from atout .01 cps to 10 cps. It was recognized at the
outset that the accurate measurement of the mean square noise In such narrow bandwidihs would
require that the mean square voliage be averaged over periods of 6 hours or more. In practice,
noise recordings of approximately 15 houis have becu made by recording overnight, Thereiore, it
was felt that the only way of completing a spectrum measzurement in a reasonable time period
wes to record the nolse on magnetic tape at a slow speed of approximately 1/6 inch per svc. and
play it back at 120 inches per sec, to compress the time scale by a factor of 750 to 1. This time
compression converted the frequency range of the noise into the audio band where convent onal
audio spectrum measuring equipment could be used, To enhence the signal to noise rauo of the
measuring equipment the noise to be measured was recorded as a frequency modulation of a
100 cps square wave. On plavback at high speed this carrier was demodulated by a discriminator
and & true mean square value was determined by use of a vacuum thermocouple. In the course of
the project a succession of improvements in this equipment have been made and its reliability
is felt to be excellent when proper calibration procedures are followed. Noise spectrum measure-

ments have been repeated to accuracies of 12 db over a perind of one month,

E. AMPLIFIER NOISE SPECTRA AND EQU'' ALENT CIRCUIT REPRESENTATIONS

Noise spectra have been measured for & number of diferent amplifie~s including models
typical of most amplifiers used in high sensitivity seismic detector systems. The amplifiers
tested are (in chronological order):

1. The Geotech Model 4200 Galvanometer Phototube Amplifier
2. The Honeywell Deviation Amplifier, Model 82-R-360-A-B
3. The Texas Instruments Model RA-0 Amplifier

4. The Trxas Instruments Model RA-2 Parametric Amplifier (two units
were tested)

5. The United Flectrodynamics Model GA-220 Galvanometer Amplifier
6. The Weston Observatory Amplifier

7. The Electrotech Model SPA-1 Amplifier

An effort has been made in a later section of this report to summarize the results of
the measurements on the more useful of these amplifiers in a manner somewhat different from
that used in the semiannual reports in order to permit easier comparisons among them, In additon,

signal to noise ratios of several seismometer-amplifier combinations are presented,
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In order to investigate the noise of a seismometer-amplifier combination considering the
senz=itivity limitation imposed by the total instrument noise, including both thermal noise and
amplifier excess noise, it was desirable to represent the excess noize of the amplifier in torms

f a =ingle 2quivalent noize voliage generator at the input of the amplifier. Fowever, in measur-

oo
fae

ing the noise spectrum of the Hoaeywell Deviation Amplifier it appeared that the magnitude of
thiz equivalent noise voltage source was a function of the source impedance of the amplifiet,
The explanation for this appesred o be that & component of noise generated by some internal

mechanism of the amplifier was appearing at the input terminals and producing & noise current

flow in the izput circuit which was a function of source impecance.

To obtair s satisfactory and more general equivalent circuit representation for amplifier
noise sources which would include this kind of behavior, it was necessary to postulate two
equivalent input noise generators, a noise voltage generator in series with the input as before
and a shunt current generator, Methods were developed fur measuring the spectra of theas two
noise generators and the correlation which, in general, would exist between them. A discussion
of this work was presented in Semianaual Technical Summary No. 3 and in a paper presented by
Mr. John Fischer at the conference on Seismic Amplifier Noise which was held at RCA Latora-
tories in September 1963, [t should be pointed out, however, that the noise behavior of the
majority of amplifiers used for high sensitivity applications can be adequately represented by a

single equivalent noise voltage generator in the input circuit.

F. COMPARISON OF SEISMOMETZR NOISE ANALYSES

In Semiannual Technical Summary No, 3 a comparizon was made of the seismometar
noise analyzes of Al‘red Woif, C. J. Byrne, and those done under this contract. The conditions
ur-iar which the various analyses are valid were catalogued and several important typographical
errors in the equations of Wolf's nrper were noted. The intent of this discussion was to ailay
some confusion which has existed over apparent differences among these three seismometer
noise analyses, It was pointed out that when applied to equivalent cases all three analyses
produce the same resalts,

G. MINIMUM INERTIAL MASS REQUIREMENT

One of tne originai tasks of this contract was to determine the minimum value of seis-
momeier inertiul mass which would permit the dctection of ground motion of given amplitude and
fraquency. Although the seismometer is physically a simple device, this task is complicated by
the many intetrelated parameters of a seismometer-amplifier svstem. The earlier reports issued
under thiz contract containe? »orts to identify these parameter relationships and to establish
2 g...eral mathematicai description of the inherznt instrumeni noise of a seiamometer system as

e function of ite parameters, These reports display a continuous shift in emphasis toward

o S —




rocognition of the amplifier noise as a more important factor in determining the sensitivity of the

entire =vstem than it had originally beer assumed to be,

In Semiarzual Technical Summary No. 4, the problem of determining the minimum inertial
mass requirement for the seismemeter was approached from the standpoint of assuming that the
amplifier has been chosen first and then asking the question, ““What is the required inertial mass
of the seismomater which will detect & given ground velority over the desired passband when

driving this amphifier?”

Mathematical equations were presented and a procedure outlined which permits the mini-
num inertial mass to be calculated if the equivalent input noize spectrum and input impedance
of the amplifier are known. An example of the use of this proredure was pre<ented. calculating
the limiting sensitivity of a system comprised of a Jersey Production Borehole Seismometer and

a Texas Instruments RA-2 Parametric Amplifier,

In order to ease the cow )lexities of the mathematics and to simplify the prese-~tation of
the results, a set of restrictions were placed on the characteristics of the seismometer-emplifier
combinations to which this analvsis is applicable, These restrictions were listed n detail in
the report and for the most part they were not confinitg., The most troublesome one, hcwever,
was that the reactive components of the input impedance of the amp’ ~er were assumed to he
negligible within the passband of the system. In considerirg seismometer-galvanometer amplifier
combinations this restricts the use of the results to the lower frequency end of the passband.
However, because of the 1/f noise, which seems always to be present, this is l:kely to be the

point in the passband at which the sensitivity is most severely limited anyway.

H. THE "DETECTABILITY" CRITERION

In the analysis of instrument noise as a limitation to the detection of signals from seismic
disturbances it is customary to compare th> rms value of the output signal in response to a sinys-
oidal ground velocity with the rms value of the noise determined for the entire passband of the
seismic detection system. Woif (1942) has stated. based on his experience with zalvanometers,
that the rms value of the signal must exceed the rms value of the noise by a factor of approxi.
mately 20 in order to insure detectability. This criterion has been used in the subsequent

a:alyses of Byne (1961) and those performed under this contract.

However, because the detectability eriterion directly affects the estirate of the system
sensitivity, an investigation of Wolf's criterion was conducted and preliminary results were
reported in Semiannual Report No. 5. In this report chart traces showing sinusoidal signals in the
presence of noise of various bandwidths were presented. These traces demonstrated that, regard-
le==of noise bandwidth, Wolf's criterion is extremely conservative and that under most conditions
it is probably high by a factor of 2. Additional work on the detectability of sinusoidal bursts in

the presence of noise are presented in a later section of this report.
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. AMPLIFIER NOISE MEASUREMENTS

In the previous reporis of this contract the noise performance of the various amplifiers
measurad was presented in terms of an equivalent input no._e voltage source in seriea with the
source impedance connected to the amplifier input. This form of ncise representation includes
the effects of the thermal noises of the amplifier input impedance and the sou-ce impedance
used during noise measurement. As a consequence, this form of noise represeniation has disad-
vantages when used to compare the noise perforinance of several amplifiers. To facilitate the
comparison of the noise characteristics of different amplifiers a change in the form of presentation

of the noise performance of the ai:plifiers measured was made.

The noise performance of the amplifiers measured other than galvanometer type amplifiers
will be presented in terms of an equivalent input noise voltage source in series with the input of
a noiseless amplifier having an infinite input impedance, The frequency response of this noiseless
amplifier is identical to that of the noisy amplifier. The input impedance of the actual amplifier
will be represented by a separate impedance exhibiting the appropriate thermal noise. A diagram
of this noise represeniation is shown in Fig. 1.

GN
"
o- \_/ =

Input Noiseless
Input Impedance Amplifier OQutput

Fig. 1. Amplifier Noise Equivalent Circuit.

Using the form of noise presentation outlined above the total equivalent input noise

spectrum may be calculated using Eq. (1) below.

®Total = ®N " ®Thermal (1)

whers o< is the total equivalent mean square input noise voltage spectrum level. eZ is th

2 ®Total . ! pii-hoise YollRg8 SpR 1*1\-’59
amplifier excess equivalent msan square input noise voltage spectrum level, and ef, __ .is
the thermal noise mean squere voltage spectrum level for the parallel combination of the scurce
impedance and the amplifier input impedance. The output total noise spectrum may be obtained
by multiplsing the input total noise spectrum by the amplifiar gain,
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For galvanomster type amplifiers the noise presentation will again he made in term= of
=

a voltage source e, in series with the input of a ncizeless amplifier having infinite input

impedance, In this case, however, the noise source and noiseless amplifier will be precaded hy
& two-terminal-pair network fepresenting the input circuit of the amplifier and exhibiting the
appropriate thermal noise. The frequency response of the noiseless amplifier wiil be equal to
the gain of the noisy amplifier divided by the voltage transfer function of the two-terminal-pair

input circuit. A diagram of this noise representation is shown in Fig. 2,

e —— — —— i
O——AAA— {D__
fa==y =
’n £33
e =t e ph —
i i
- = :

Input Cireuis

Fig. 2. Gaivanometer Type Noise Equivaient Circuit,

Employing this form of noise presentaiion the total output noise spectrum may be caicu-
lated as shown in Eq. {2) below

= = 2i.3 =3 g
®Total Our = An! [ezxf = eThermai] )

where ez out 15 the total mean square output noise voltage spectrum level, ef is the mean
Square excess noise voltage spectrum level of the amplifier reforred to the input of the noise-
I 7 — i = z i i3 ¥
less amplifier, @ Therma; |5 the mean square thermal noise voltage spectrum level of the input
citcuit and source impedance combination measured at the input of the noiseless amplifier

{point A of Fig, 23, and A, is the gain of the noiseless amplifier,

A dizadvantage of presenting the excess noise of a galvanometer type amplifier in terms
of the voltage source e, of Fig. 2 is that ““1/1"" noise in the amplifier following the gelvanometer
i not immediately apparent, Becuuse of ihe integral relationship between galvanometer velocity
and position which is included in the gain of the noiseless amplifier of Fig. 2, & flat noise
spectrum for the voltage source ey Mmay indicate **1/f" noise in the portion of the amplifier fol.
lowing the galvanometer,

7. AOISE SPECTRUM MEASUREMENTS OF UNITED ELECTRODYNAMICS, INC,
MODEL GA-220 GALYANOMETER-PHOTOSENSITIVE AMPLIFIER

The United Electrodvnamics, Inc. Model GA-220 Galvanometer-Photosensitive Amplifier
employs an input galvanometer, a photosensitive element, and a solid state amptifier, In this

amplifier signal is supplied to the input galvanometer producing a galvanometer rotation, i Light




[

1M

it

I

W

R

T

#

‘ith 5 photocon-

sirip, and when a

as a potentiometer in which {5e wiper contact is made through the illuminated section of the
photoconductive materiai o the metallic strip. The oulput from the pholosensitive element is &
function of the po=ition of the Light spot and therefore a measure of the galvanometer deflection,
The outpui irom the photoreasitive element 1= amplified in a transistor amplifier and supplied

to the output terminals. The gain of the Mode! GA-220 Amplifier is due primarily o the amphifviag

property of the optical Isver ulilized in the optizal system made up of the light beam source, the

galvanometer, and the photosensilive element. A small amount of gain iz supplied by the transistor

amphifier,

The nominal voltage gain of the Model GA-230 Amplifier with a balanced output is speci-
fied to be 4000.000. Measurements on this amplifier were made using single ended unbalanced
output and conseguentiy the gain was reduced by a factor of two, Plug-in band pass filters in
the frequency ranges of 0.8 cps to 8.0 cps. 0.8 cps to 5.0 cps, and 0.8 cps to 12.5 cps are

supplied with the amplifier to allow modification of the amplifier pas=s band.

Input impedance measzurements were made on the Model GA-220 Amplifier, An equivalent

input circuit is shown in Fig. 3.

RC
R“: = 125 8
== R =2317 0
D R L & =672 f
C -

Fig. 3. Input Impedance of United Eiectrodvnamics Model GA-220 Amplifier,

The resuits of the input impedance measurement are: the galvanometer winding resistance, R,
equals 125 ohms: the mechanical loss resistance, R, equals 2317 ohms: the equivalent capaci-
tance, C, equals 87.2 pf. the equivalent inductance, L, equals 3,68 hy; and the undamped

resonant frequency eguals 10.13 cps.

Gain measurement were made on the Model GA-220 Amplifier using the 6.8 cps to 12.5 cps
filter arnd without the bandpass filter. The results of these measurements are shown in Fig. 4.
The noise equivalent circuit used to desc-ibe the noise performance of the Model GA.220
Amplifier is of the type shown in Fig. 2. The gain of the noiseless amplifier was= calculated

and the resuits of these calculations are shown in Fig. 5.
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wore made on the Model GA-285 Amplifier

W
ith a band passof 6,5 (o 12,5 eps. For each of these fre-

fulm measurements were made u=ing an input galvanometst

,m

re=pons=e condifons aorse spee
plied with the amplifier and a source resistance of 55 ohms. This condition correspends to
a ga?xanomeivr damping of 0.6 of critical, Noise measurements for oach of the frequency response
conditions were also made with 5 dummy galvanometer replacement for the actual galvanometer,
thedummy galvanosete substiiotes 5 Fixed mimor in the system in place of the movable galva-
nometer mirrar, Tho amplitior excess noise veltage spectrum as measured using the galvanometer
and the 55 ohm source resistance and that measured using the dummy galvanometer are sybstan-
tally sdentical. The measured amplifior excess noise voltage spectrum referred to the input of

the noiseloss amplifier for the Model GA-220 Amplifier is shown in Fig. 6.

The speetrum curve for the amplifier using the 0.8 cps to 12,5 cps band-pass filter
indicates the noise to be higher in the low frequency portion of the curve than that of the ampli-
fier without the filtor. Measurements made at frequencies hxgher than 10 cps indieate a similar
increase in noise spectrum level for the amplifier using the filter over that for the amplifier
without the filter, These results show that the noise introduced by the active filter is negligible
in the frequency passhand of the filter. In the frequency stop bands of the filter whare the input
noise and the noise of the early stages of the amplifier as well as the signal have been attenu.

ated, however, the noise of the filter i= significant.

In the course of measuring the characteristics of this amplifier a gain measurement of
the amplifier was made with the galvanometer replaced by an interc hangeable galvanometer
produced by the =ame manufacturer but having an undamped natural frequency of 1870 cps instead
¢f 10.13 cps. The results of this measurement in the frequency range between 1 ops and 1000 cps
is shown in Fip. 7, |t is interesting to note that over the major portion of the frequency range
under consideration the gain is decreasing with increasing frequency at a vate of 3 db per octave,
Thi= result is not accounted for by the response of the galvanometer since the undamped re=onant
irequency is too high. The rate of decrease of gain indicates a distributed resi stahee-capaciiance
type effeet such as might b introduced by the finite response time of the photoconductor of the
photesensitive element, 1t should be noted that this decrease in gain exiends into the frequeney
band below 10 eps,

Ansther interesting chasracteristic of the Mode!l GA-220 Amphifier was found during the
testing of this amplifier. Gain measurements revealed the small signal gain of this amplifier to
be a function of the quiescent position of the light =pot on the surface of the photosensitive
element. A measurement of small signai gain as a function of light spot position was made and
the resulis of this measurement are shown in Fig. 8. The ordinate of this graph is relative
amplifier gain and the abscizsa is an arhi trary scale proportional to the position of the light
beam along the active surface of the photosensitive element. This measurement was made by

measuring the output signal for an input made up of a low level signal plus a de bias. The de

12
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hias was changed to oblain & charge in the quiescent position of the light beam, The resuits of
this measurement indicate irregularity in the characterisiies of the pholosensitive element which
may oceur in the resistive strip, in the photoconduelor, in the metallic strip, or in a combination
of these component parts,

The noise performance of the Model GA-220 Amplifier in the frequency range of 0.01 cps

to 10.0 cps may be represenied by the equivalent circuit of Fig. 8. The results of the measure-

Rc =125+ R = 2317 2
€ =672 uf L = 3.68 hy

c H
Input c R L Noiseless Output
Amplifier
o ] , ] ——=

Fig, 9. Noise Equivalent Circuit of United Electrodynamics Model GA-220 Amplifier.

ments made on this amplifier show the spectrum level of the equivalent excess noise voltage
generator e, to be that presented ir Fig. 6 and the gain of the noiseless amplifier to be that
given in Fig, 5,

B. NOISE SPECTRUM MEASUREMENTS OF WESTON OBSERVATORY AMPLIFIER

Measurements were made of the noise performance of a solid state anplifier used in

seismic instrumentation at Weston Observatory,

Measurements of amplifier input impedance show this impedance to be capacitive, The
resistive component of input impedance shunting the input capacitance was quits high and its
effect is insignificant compared to the capacitive component, The input capacity was measured

to be 0.216 uf. The equivalent circuit of this input impedance is shown in Fig, 10.

e

C = 0.216uf

O——

Fig. 10. Input Impedance of Weston Observatory Amplifier,

The measured gain of this amplifier as a function of frequency is shown in Fig. 11,
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Equivalent i=

neise spectram level is also quite high with the lowest point on the curve

corresponding to the thermal neise spectrum level of 5 836.000 ohm resistor, The capacitive in-

put reactance at the same freguency is 73,500 ghms,

The equivalent input noise voltage spectrum level meas=ured for this amplifier using a
Source resistance of 250,000 ohms i= considerably higher than either the thermal noise of the
Source resistance or the zero source impedance equivalent input noise voliage specirum of the
amplifier. This result indicates the presence of an equivalent input noise current source, Using
the equivalent input noise voltage spectrum for a source resistance of 250,000 ohms, the measured
amplifier input impedance, and the known 250,000 ohm source resistance an equivalent input

noise current spectrum may be calculated. The resulis of such a caleulation is shown in Fig, 13,

The measured noise information on this amplifier is not sufficient to determine the possis
bility of correlation between the equivalert input noise voltage source and the eguivalent input
noise current source. In view of the fact that the measured noise spectrum level of this amplifier
15 quite high no further noise tests were performed on this aiiplifier, Assuming that the noise
voltage arnd current sources are uncorreiated, any calcslation of total input amplifier noise
spectrim level will be low by a maximum of only 3 db, if positive correlation exisis, A negative
correlation of course would present the possibility of partial amplifier noise cancellation for a
judicious choice of source impedance,

Using the results of the measurements performed on this amplifier and aSsuming no
correlation between the input noise voltage and current sources, the noise performance of the

#eston Observatory Amplifier may be represented by the equivalent circuit of Fig. 14. The gain

N
o- O — —
== Noiseless
3 s s =
Input  O0-2166f el = Amplifier Output
O— —0

Fig. 14. Noise Equivalent Circuit of Weston Observatory Amplifier.

of the noiseless amplifier is that shown in Fig. 11. The spectrum of the equivalent input noise
current source i, is presented in Fig. 13 and that of the equivalent input noise voltage source

e, 18 the spectrum for zero source impedance presented in Fig, 12,




L. NOISE SPECTRUM MEASUREMENTS OF THE ELECTROTECH SHORT PERICD AMPLIFIER
SYSTEM MODEL SPA-1-1

Messuremenis wore made of the noise parformance in the frequency range of 0,01 ops
feasy . p :

it
e
]

o

The Model SPA-1-1 Amplifier is a solid state transistor amplifier employing a diode
chopper to produce a carrier signal prop .tional to the low frequency input signal, The carrier
signal 15 amplified, demodulated, and the resulting signal is {urther amplified before appearing
at the output ierminals, The nominal voliage gain of the Model SPA«1-1 is 1 « 10% and the
nominal input impedance is 2200 ohms. This amplifier has an active low pass filtrr with seven
cutolf frequencies ranging from 5 cps to 30 cps which may be switched in to modi fv the high
frequency response of the amplifier. Two outputs are available from this amplifier, one of which
has an output 30 db below the other,

The results of the noise spectrum measurements made of the Model SPA-1-1 Amplifier
are shown in Fig. 15. Noise spectrum measurements were made for a number of different condis
tions of input and output including, {1} short circuited mput without the low pass filter and
measuring the noise at the zero db output, (2) short circuited input without filter and measuring
the noise at the —30 db »utput, {3) short circuited input with the 13 cps low pass filter and
measuring noise at the - 30 db output, (4) 500 ohm input source resistance without filter and
noise measured at the 30 db output, (5) 2500 ohm input resistance without filter and noise
measured at the - 30 db output, and (6) short circuited input without tilter with an internal
attenuation of 42 db and noise mneasured at the - 30 db output. A measured gain curve for the

amplifier in the frequency range of the measurements made is shown in Fig. 16.

The input impedance of the Model SPA.1.1 Amplifier may be determined from the equiva-
ient input circuit for the amplifier shown in Fig. 17. The shunt capacitors effect the input
impedance of the amplifier in the frequency range above 80 cps, The frequency at which the

skunt capacitive reactance is equal to the amplifier input resistance is variable depending upon

Qﬁaiance A ( Balance B 33g,¢

e ), 0.25uf \ ==

I 0.22af
il H 8.4kl 3.47k8
? 1 ¥+
— e
i 330::f
= CCW
Closed

Fig. 17. Input Impedence of Electrotech Model SPA-1.1 Amplifier,
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The noisze spectrum curves {or thiz amplifier shown in Fig, 15 exhibit an increasing

spectruts level with decreasing frequency, This characteriztic of the noise spectrum curves s

=i

due to the low frequency cutoff produced by the series blocking capacitors shown above in the

possibly aiso the resylt of *'17F" noise sources within the smplifier.

Measurements show the noise spectrum of the Madel SPA-1.1 Amplifier to be identical
for the cordition of short circuited inpul, without the low pass filters, and ysing the zero db
output and - 30 d% output respectively. This result indicates that those portions of the amplifier
circuil unigue to the zero db output and to the - 30 db ouiput introduce a negligible amount of
noise in the Model SPA-1-1 Amplifier. The maximum useabie signal obtainable from either output
is approximately the sai > while the noise from the - 30 output is about 30 db less than the
noise from the zero db vutput due to the differenee ii gain, The resylting dvnamic range 13 there-

fore {arger when using the — 30 db ocutput than when using the zero db sutput.

Noise performances of the Model SPA-1-1 Amplifier measured for input source resistances
of 500 ohms and 25060 ohms using no filter and “he - 30 db output are identical to that measured
for a short eircuited input. This result indicates thal no equivalent input noise current sour:

is necessary to represent the noise performance of this amplifier,

The resull of a noise measurement made for the condition of short circuited input, without
filter, using the — 30 db output, and with the intarnal amplifier attenuator sot at 42 db is shown in
Fig. 15. The spectrum lovel of the equivalent input noise voltage source for this condition of
measurement is seen (o be considerably greater than that for the other measuring conditions, From
this result it is concluded that s considerable amount of the noise of this amplifier originates in
that portion of the eircuit following the attenuator. In view of this result the user of this amplifier
is cautioned against using the internal amplifier attenuator of the Model SPA-1-1 Amplifier in an

application where minimum amplifier noise is necessary.

Amplifier input noise characteristics for the condiuon of short circuited input and using
the - 30 db output and the intemnal low pass fifter with a cutoff frequency of 13 cps are identical
to those for the condition without the low pass filter within the frequency range of measurement.
Noise measurements were made for frequencies above 10 cps and the results indicate no change
in the equivalent input noise voliage for frequencies in the stop band of the filter. From this
result it can be concluded that the low pass filter cireuit in the amplifier contributes no signifi-

cant additional noise to the SPA-1-1 Amplifier,

24
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=i measutements on the Model SPA<1-7 Amplifier in the frequency

fgange o the noise performance of this amplifier may be epresented by the
— =%
g{_ﬁ}i"{ﬁ}
"L 1653ut
Koiseless .
e Outps
Ispat ; oy¢ = Ampiifier |2
3470

Fig. 15, Noise Equivalent Circuit of Electrotech Model SPA-1-1 Amplifier.

In this equivalent circuit the spectrum level of the noise voltage generator & is thai presented

in Fig. 15 and the gain of the neiseless amplifier is that shown in Fig. 18

D. REVIEW OF NOISE CHARACTERISTICS OF TEXAS INSTRUMENTS MODEL RA.2 AMPLIFIER
AND GEOTECH MODEL 4300 GPTA

Maasured noise performance of the Model RA-2 Amplifier and *he Model 4300 GPTA have
been presented in Semiannusl Technical Summary No, 5 and Technical Summary Report for
June 1881 to September 1962 respactively, The results of the noise messurements on these
amplifiers have been recalculated to conform with the change in noise performance presentation
adopted 1n this report,

1. Noise Performonce — Geotech Model 4300 GPTA

The noise characteristics of the Model 4300 GPTA may be represented by the equivalent

circuit-of Fig. 19, The input circuit parameters are shown in Fig. 19. The amplifier excess noize

B, = 82.9 : s
== ‘LT F= e ouepur
? 3
123 of §32.1 k:}8.22 by
c = = c

Fig. 18. Noise Equivalent Cireuit of Geotech Model 4300
Galvanometer-Photctube Amplifier,
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spectiam of the equivalent nuise voltage source e, for this amplifier 12 given in Fig. 20, The

gain of the noiseless amplifier is presented in Fig. 21, The overall gain of the Geolech Modei
4300 GPTA is shown in Fig, 22,
2. MNoise Performance — Texas Instruments Model RA&-2 Amplifier

The equivalent circuil of the Model RA-2 Amplifier for noise performance representation

is shown in Fig. 23, The input impedance of this amplifier is made up of the shunt combination

[ S
N
> 0O S
Noiscless
Input 0.001uf 400Megdl Auplifier Output
O —0

Fig. 23. Noise Equivalent Circuit of Texas Instruments Model RA-2 Amplifier,

of th2 resiztance and capacitance shown in Fig. 23, The noise spectrum of the equivalent input
excess noise voltage source e, of the amplifier and the gain of the noiseless amplifier are

presented in Fig. 24 and Fig. 25 respectively,
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iV. COUPLING SEISMOMETERS AND AMPLIFIERS FOR
MAXIMUM SIGNAL TO NOISE RATIO

Afier the designer of a seismic detecior svstem has chosen the inerlial mass, resonant

frequency, and damping facior of his seismometer and has picked a lowsnoise amplifier with the
proper size, battery drain, cest, ele. to meet the requirements of his application, he 1= faced
with the problem of matching the impedance of the two devices in order to achieve the best sig-
nal to noi=e ratio, The amplifier will probably have a fixed input impedance, at least at its
maxpmum sensitivity, Seismometer manufaciirers, however, usually offer a range of transducer
;i} resistances and generator constants and will make special eoils on order. 1t is the purpose
of this section to show how the choice of transducer coil resistance affects the signal to roise

ratio and to lay down some guidelines for choosing the transducer parameters,

C. J. Byrne! pointed out in his article on instrument noise in seismometers that maximum
signal to noise ratic is obtained when the coil resistance and generator constant of the seismometer
are chosen so that the input resistance of the amplifier provides the only externai damping. This
result is correct but it is difficult to realize in practice for amplifiers with extremely high input
resistances, The Texas Instruments RA-2 Amplifier for example has an inpul resistance in excess
of 400 megohms, Moving coil transducers have been fabricated with coil resistances of roughly
0.5 megohms but are extremely difficult to make because of the miles of very fine wire required.

A moving-coil transducer which will permit the seismometer to be damped properly by 400 megohms
i3 certainly not a practical one. Therefore, it becomes importani to investigate the manner in which

signal to noise ratio varies as the transducer coil resistance and generator constant are varied.

Following the analvtic procedures established in earlier reports the mechanical eiements
of the seismometer may be expressed in terms of the equivalent electrical components which
appear to be present when viewed from the electrical terminals of the transducer. The electrical
equivalent circuit which will be considered is shown in Fig. 26.

l R
c = S
" x5
= s
G2 GZ 2 ¢
— 5 R = G R ' Amplifier
o Z2h = M X &
o [+
e = v
= i - ——
™
Mechanical Elements Rxd

Fig. 26. Electrical Equivalent Circuit of Seismometer and Amplifier,
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& resonant raguancy af the =7 ntar { o i

& capacitance, equivalent to inertial =
L induciance, equivalent to spring compliance
R equivalent ﬁamping resistance presenf when the trapsdycer is
open-circyited
B = cpens-citcuited damping factor of the seismometer 2.
R = uransducer coil resistance

R_ - an external damping resistance placed in shunt with the
amplifier input terminals

R_ = input resistance of the amplifier

I

total external demping resistance (consisting of R_ and R
in parallel}

xd

e _ = mms aaplifier excess noise referred to the input terminals of
the amplifier.

[F

In order to simplify the analysis the inductance of the transducer coil has been neglected.
the amplifier input impedance 1s assumed to be purely resistive within the passband, and the
internally ganerated amplifier noise has been represented as a single noise voltage source at
the input, These constraints have been discussed in earlier reports and are reasonable approxi-
mations for most seismometers and amplifiers, The input impedance of galvanometer type

amplifiers, however, is not resistive at frequencies near the galvanometer resonance,

The approach which will be used is to determine the manner in which the signal and
thermal noise voltages at » particular frequency vary as a function of coil resistance, R_. at
the inpet terminals of the amplifier. The signal will then be compared with the total noise
voltage, consisting of the sum of the mean square values of thermal noise and amplifier excess

noise,

A familiar difficulty presents itself at this point. While the signal is at a discrete fre-
quency the noise spectrum is continuous and it is therefore necessary t~ assign a bandwidth
to the noise in order to determine a mean square value. For simplicity it will be assumed that
the s1gnal is being compared with the naise in a one cycle band centered about the signal These resul

frequency,




reiaironzhins |

Appendix the §

1, Ths coil resistance, R i= directiy proporiional to the square of the
generator constant, G, zf the air gap flux density and volume of the
transducer coil are maintained constant as R_ i= va.ied, See section A

of the Appendix.

2. The external damping resistance, R_,. consisting of the paraliel combi-

sation of R and the amplifier input resistance, R_. is directly proportional

to R_ until R_, becomes equai to R,

= For higher values of coil resistance
il i3 necessary tn insert additional recisiance in seties with R io maintain

the damping factor constant. Sec section B of the Appendix,

R ~R for[0 =R <R]

B ¢

R_, = R, for higher values of R,

3. The mean-square signal voltage at the input terminals of the amplifier, -‘Ev
is directly proportional to R for constant damping factor until the value
of R_ fco which R, = R, is reached. For higher values of R the signal

voltage becomes inversely proportional to R_. See section B of the Appendix.

; -R_ for [{} =R .= Rﬁ]

?1 ~ 1 for higher values of R

= R £
4

4. The mean-square thermal noise vollage at the input terminals, :fh* is
directly proportional to R_ until the value for which R, = R_ 1= reached,
For higher coil resistances the thermal noise remains approximately

consiant, See section C of the Appendix,
a2 0 < <
el ~R for[0<R, <R]
5, = approximate! constant for higher values of R,

These results are plotted on a log-log scale in Fig. 27,
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the mean sguare thermal noise of the input resistance of the amplifier {a= shown in Fig. 2

freveeny

u=t he low in order te damp ¢

1. For low values of R_ the value of R_ 1

seismometer properly. As a consequence, the thermal novse is low and

 sigpal 1o noise ratio 12 limited by the amplifier exces= woi=e. Because
of the direet relation between Rr and G-, however, the signal is low and

the signal to roise raiio iz low,

2, For medium values of R_, for which the thermal noise exceeds the ampli-
fier excess noise, the signa! and thermal noise are hoth proportional to

R and the signal to noise ratio becomes constant,

3. For high values of R_, for which the exiernal damping resisiznce required
to damp the seismometer becomes higher than the amplifier input resistance,
it becomes necessary to place external resistance in series with R_ and t e
signal dreps off as R increases, The thermal noise tends to flatten off,
however, and the sig.ial io noise ratio decreases, (At the resonant frequency
of the seismometer the thermal noise becomes absolutely constant over

this range).

Therefore. the maximum signal to noise ratio is achieved at the value of R for which
the required external damping resistance is the input resistanceof the ampliiier but if the mean
square egcess noise is less than the thermal noise of the input resistance of the amplifier
over ike desired passbend, it 1= possible to use a transducer with a !ower value of coil resis-

tance without significant losc of signal to noise ratio.

This mayv be seen by inspection of Fig, 28. In this figure, plots of signal to noise ratio

v=. R_ are shown for the following - “ismometer-amplifier combinations:

1. A Johnson-Matheson Vertical Seismometer driving a Texas Instrumenis

RA.2 Parametne Amplifier,

3. A Hall-Sears HS-10-1 Seizsmometer driving a Texas Instruments RA-2

Parametric Ampiifier,

3. A Johnson-Matheson Vertical Seizmomeater driving an Elecirotech

SPA-1-1 Amplifier.

4. A Hall-sears [{S-110+1 Seismometer driving an Electrotech SPA-1-3

Amplifier,
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The ground velocily assemed for these calculations was 1.0 millimicron: sec at 1.5 ops,
i

Thiz {recuency was chosen because it is al aboutl the cenler of the enerpy spectrum of P waves,
3 3 £

The damping factor i1s taken lo he 0.7 of oritical,

Even though the exeess noize specimm of these two amplifiers is approximately equal
when referred to the input terminals, they diffor greatly in their input resistance, The RA-2 has
an input resistance in excess of 40 megohms, while the input resistance of the SPA-1-1is
1800 ohins,

et

t may be seen that there i= no =ignificant increas= in the signel to noise ratio eurve

or either seismomeler driviag the RA-2 amplifier for coil resistances above 100K ohms and the

s
7
=
=g
o
-+
(]

noise ratio i= down only about 3 db for R_ - 10K,

The SPA-1.1 amplifier represents a different situation, however. For this amplifier the
excess noise in a one cycle band centered at 1.5 cps is already greater than the thermal noise
of the amplifier input resistance, Therefore the signal to noise ratio curve never reaches the
plateau shown in Fig, 27 where it becomes limited by the thermal noise. For this amplifier the
choice of coil resistance of the zeismometer is fairly critical and should be chosen as that value
for which the input resistance of the amplifier by itself provides the desired damping.

This re=i=tance is given by the relation

R
fim - — (M)

<

1
4.-’:'fg (h—h M Rco
where G_ and R__ are nominal values of generator constant and coil resistance, respectively,
for the seismometer transducer being considered, The ratio GEF'RQG should be a constant for a

particslar transducer so leng as the air gap flux densily and coil volume are fixed.

‘“hen working into an SPA-1-1 the Johnson-Matheson seismometer should have a coil

resistance of approximately 1300 ohms while the HS-10-1 shculd have a coil of 430 ohms.

CONCLUSIONS

1. If the amplifier excess noi=e is greater than the thermal noise of the input resistance
of the amplifier over the desired passhana, the signal-to-nois=e ratio of the system 1= excess
noise limited, Further, there is & sharp maximum in the signal to noise ratic when the coil
resistance is adjusted so that the seismometer has the desired damping when the external
damping is provided solely by the input resistance of ihe amplifier. This coil resistance may
be caleuiated from Eq. 7.

1%




ik

e e R B e R Tt R e

Wi

4

"

- I woaid appear, that for ampiifiers having resistive input impedances the ratic of

{ifier exesss noise io the thermal noiss of the ampﬁﬁg{ i;’;;}z_}{. rosis
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in

ace gver the desired

i= an important paramater for comparing amplifiers for uze with seismic deteciors,
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¥. SIGNAL TO NOISE RATIOS FOR SE'VERAL
SEISMOMETER-AMPLIFIER COMBINATIONS

The finzi basi= for determining ihe relative noise performance of a seizmemeter apd an
swsplifier 1= in terns of the signal to noi=e raiic (SNR) appearing at the cuiput of the combination.
Calealations of SNR were made for iwp sei=mometers and four amplifiers y=ing the amplifier
noi=e charactleristies measured. The two seismometers considered were the Geotech Johns=on-
AMathe “on Verltical Seismometer and the Hall Sears [IS.10-1 Seismometer, SNR ealenlations were
wiode for thoze seismometars and for the Electrotech Model SPA-1-1 Amplifier, the Texas Insiru-
sient= Model RA-2 Amplifier, the United Electrodvnamies Model (GA-220 Galvanometer-Photo-

sessitive Amplifier, and the Geotech Model 4300 Galvanometer Phototube Amplifier,

‘The SNR ealculations were made for an input ground velocity of 1.0 millimicron/sec at
a froquency of 1.5 cps, The bandwidth considered is 1 cp=s wide about the center frequency of
1.5 cps, The seismometer damping used was 0.7 times critieal, The seismometer windings were
considered to be variable under the same constraints used in the previous section of this repost
on coupling seismometers and amplifiers for maximum signal to noise ratio, The SNR was
ealculated for the optimum conditions as discussed in the previous section of the report {or the
sysiems using the SPA-1-1 Amplifier and the RA-2 Amplifier. Optimum conditions are more
difficult to specify for galvanometer type amplifieis. As a consequence, calculations of SNR
using the GA-220 Amplifier and the Model 4300 GPTA were made asing the conditions given
above and in which the toial external seizmometer damping was supplied by the amplifier input
impedance, For these iwo amplifiers the sei=mometer damping of 0.7 of critieal was determined
for the blocked galvanometer condiijon, i.e., the external damping resistance equal to the
galvanometer winding resistance, The resulis of the caleulations should be ropresentative of

the SNR performance of thesa last two amplifiers,

The result= of the SNR calculations are shown in the bar graph of Fig. 29. Summarizing
the resulis, the RA-2 Amplifier, the GA-220 and the Model 4300 GPTA used with the J:M
seismometar and used with the H5-10-1 seismometer have similar SNR with a lower SNR for the
HS-10-1 than for the J-M. When u=ing the J-M seismometer the Model 4300 GPTA has a =light
advantage in SNR while for the Hs-10-1 seismometer the RA<2 has a slight advantage. Using

either seismometer the SPA-1-1 has a somewhat poorer SNR than the other three amplifiers.
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V. SIGNAL TO NOISE L..7i0S FOR SEVERAL
SEISMOMETER-AMPLIFIER COMBIMNATIONS

The final basi= for detesmining the relative noise porformance of 3 =eizmometer and an
nal bas £

amplifier i in terms of the signal to neise ratio {¥° R} appearing al the output of the combination,
Calculaiion= of AR were made for two seismometers and four amplifiers using the amplifier
noise charscterizlies measured. The .wo seismomuters considered were the Geotech Johnson-
Matheson Vertical Seismometer and the Hall Sears H8.10.1 Sersmometer, SNR calcuiations were
de for these seismometers and for the Electrotech Model SPA-1-1 Amplifier, the Texas Instru-
sents Model RA-2 Amplifier, the United Electrodynamies Model GA«220 Galvanometer-Phoio.

sensilive Amplifier, and the Geotech Model 4300 Galvanomeirr Phototube Amplifier.

The 8NR calculations were made for an input groend velocity of 1.0 millimicron/sec at
a frequency of 1.5 cps. The bandwidth copsidered is 1 cps wide about the center frequency of
1.5 cps. The seismometer damping used was 0.7 times ecritical. The seismometer windings were
considered to he variabie under the same co~strains used in the previous section of this report
on coupling seismometers and amplifiers for maximum signal to noise ratio. The SNR was
celculated for the optimum conditions as discussed in the previous section of the report for the
systems using the SP. -1 Amplifier and the RA-2 Amplifier, Optimum conditions are more
difficult to specify for galvanometer type ampiifiers, A= a conzequence, calculations of SNR
using the GA-220 Amphifier and the Model 1300 GPTA were made using the conditions given
above and 1a which the fotal external seismon.cier damping was zupplied by the amplifier input
impedance. For these two amplifiers the seismometer damping of 0.7 of critical was determined
for the blceked galvanemeter condition, i.e., the external damping resistance eqgual to the
galvanometer winding resistance, The results of the calculations should be representative of

the SNR performance of these last cwo amplifiers.

The results of the SNR calculations are shown in the bar graph of Fig. 20. Summarizing
the re=ulis, the RA-Z Amplifier, the GA-220 and the Modal 4369 GPTA used with the JM
seismomete. and used with the HS-10-1 seismometer have =imilar SNR with a lower SNR for the
#s-10-1 than for the J-M. When using the J-M seismometer the Model 4300 GPTA has a shght
acvantage 1 SNR while for the HS-10-1 seismometer the RA-2 has a slight advantage. Using

either seismometer the SPA-1-1 has a somewhat poorer SNR than the other three amplifiers,
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Yi. VISUAL DETECTION OF SIGNAL iN THE PRESENCE OF NOISE

INTRODUCTION

by its noise parformance some criteria relati g
be used. A stidy of the available information on this - sevl indicated that very little was known
about how the eye.brain complex functions to detact =ignials in noize or what the important
parameters affeeting the visual detection process are, Becaus=e of the insufficieni information
available on this subject and because of its imporiance to the primzry objective of this contract
# study was undertaken to develop criteria for the detac tability of a signal in the presence of
noi=e and to improve our undersianding of the funciioning of the visuai detection process in

general,

A. WOLF'S CRITERION

One of the very few references found in the literature on the problem of visual detection
of a signal in noise was in & paper published by Wolf4 in 1942, In thi= paper Wolf states that
his experience with galvanometers indicated that an rms <ignal to rm= noise ratio {SNR) equal
to four or five times is required to visually detect the sigral with certzinty, The actual number
used by Wolf in his payer was SNR = | 20. Since Wolf's criterion has received a tair amount of

acceptance and use in the seismie field, special consideration was giver to it

A series of tests conducted specifically using Wolf's criterion indicate that Wolf's
criterion for detectability is exiremely conservative and that the visual detection process is
more sophisticated than originally indicated by Wolf, Examples of these tests and an outline of

r
¥

x Fx

the tests y=od were presenied in Semiannual Technical Report No

B. VISUAL FILTERING IN THE DETECTION PROCESS

Results of tests conuucted and presented in Semiannual Technical Report No. 5 and
other tests conducted subsequent’y indicate that the visual detection process is not very much
different from tb aural detection process, in thai both detection processes can effectively
discriminate against unwanted signals or noise outside of =ome band of interesi, Essantially
this means that the eye-brain complex has the ability to filter the tofal signal and effectively
not see or discriminate against noise with a frequency spectrum outsida the pass-band of thi=
visual filter. Since, in the visual process as it relates to the reading of a permanent chart
recording, the concept of time does not really exist 1¢ will be neces=ary to describe the charace
teristic= of the visual filtering ability c! the eve in term= of what i+ actyally presented to ite

“Aifred Wolf — The Limiting Seasitivity of Seismic Detectors, J. of General and Applie? Geoph =te=, Yoi. VHI,
*3, April 1833, '
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far o =inusoidal signal to be deteciable withi the bandpas= of the hiter a =ignal to noise ratio

{SNR) of 2 1= required, This means, for example, that if a chart recording of a 1.0 cyvclef=ec

signal i= made with a chart speed of 3mm/sec, the effective filteniag ability of the vi=ual deiec

tion system can he represented by a filter with a geomelric mean renter {frequency of 1.0 cps ani

an effective bapdwidth of approximately 2.5 ops,

if, for the above example, the noise i= centered about 1.9 cp= and has a relatively
uniform spectral distribution, a SNR of 2 will be required for detectabihity provided the band-
width of the noise is less than 2,5 cps. However, if the bandwidth of the neise i=s greater than
2.5 cps the required SNR for detectability will be less than 2 becauseof the ability of the ey

to discriminate against the noize outside of the 2.5 cps range.

In general, these results indicate that for a relalively uniform noise spectrum level and
a signal to noise ratio of 2, (SNR= 2), a =inusoid will be detectable independent of the actual
bandwidih of the noize recorded, Therefore, for a rule of thumb type criv. :cn for detectability,

a signal to noise ratio of 2, (SNR = 2), could be used,

C. EFFECT OF SIGNAL DURATION ON DETECTABILITY

A series of tests was conducted using sinusoidal bursi= of various durations in order
to examine the effect of signal duration on detectabiliiv, A sample frace similar to the traces
used in the actual test is hown in Fig. 30, The operating conditions for this sample trace were
chosen to be identical to ihe conditions assumed for the example given in the previous seclion
of this report, 1.e., a chart speed of 5 mm/sec and a test signal of 1.0 cps. A Random Noi=e
Generator, bandlimited so as to have an essentially flat spectrum lovel of 10 mv/yeycle between
0.1 cps and 16 cps, and a 31.5 mv sinu=cid were used in making the sample trace, These numbers
were chosen =o that the SNR within the 2.5 cps bandwidth of the visual lilter would be equal to
2, (SNR - 2), with sufficient noise signal existing outside the bandwidth of the visual filter Lo
demonstrate the effect of the filter. The actual SNR for the trace presented in Fig. 3015 1,
{(SNR - 1). A= can be seer from the sample trace: the =signal 5 cycles in duration can be detected

with a fair degree of certainty; 3 cycles i more difficult to detect; 2 ovcies, in general, i= diffi-

culi to detect; and signals 1 cyele in duration are very difficult 10 detect with any degree of

certainly,

it shoyld be noted that for the tesis with sinusoidal bursts the rm= value of the test

signals is defined as br ag equal to 0.707 times the peak value of the signal, Le., the rms
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APPENDIX TO SECTION IV

A. THE RELATION BETWEEN COIL RESISTANCE AND GENERATOR CONSTANT

The resistance, R, of the transducer cai} i= given by
3 {an}- 3
R -8k _ U {A-1)
3 A ¢
where 5 = resistivity of the transducer coil conductor

A mearn length of turn
number of turns
A = crossesectional area of the conducior

¥_ = total volume of the condyctor
The generator constant, G, is given by

G - Ban (A-2}

where B is the air gap fiux density. Cambining equations (A-1) and (A-2)
£ap 3 £ eq .

< :
B2V

If the flux density, coil volume and conductor resistivity are kept constant as R_ is

varied, then

! G*<
4 .o . _¢ {A-4)
Fi~ R{__‘__’ Bg\’{_

where G_ and R__ are nominal values of generator constant and coil resistance which are usually

available from the seizsmometer manufacturer,
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B. SIGNAL VOLTAGE

Mechanical Elements Rxd

Fig, A-1. Electrical Equivalent Circuit of Seismometer and Amplifier,
By straightforward analvsis of this cireuit the mean square signal voltupge at the

terminals is given by

vl

= G=v2 f:ﬁ _xd , . = —_——
R <R 2 22, aa6itf1 1 N

= xd {{i}g—g“} + 5 ==

(e ,R Rffﬁxﬁ

ud
’ gl N

But the damping factor of the seismometer, h, may be defined by

h G: — _rL,;-,\), — _ G :
gﬁ}{} = E RE ;RXd} = Qﬂ}n'ﬂ {R{Z = R.-;{j}

Making this substitution into Eq. {A-5)

——="=
Z
= o os A.__-—-RX___,é ot =
=i == : 2 9.2 2 5 2
Rt?Rxd {w- -—w"} =+ 4h= @ ot

For notational comvenience, let

Fofm) = —
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amplifier

(A-5)

{A-8)

(A-T)

(A5}

———




SR )

LRI

=5

= ~-,,§; g‘x:é by S s
g, = -} == == {A-9}
3 ;

fixed thes F {2 15 & constant for

“rom Egl (A-8)

=5 G= A-10
= = = =

But if the air gap flux density and coil volume of the transducer are constant, GZ is given by

Eq. {A-4) as

| 8

g
R

R {A-11)

f &4

i

o
Substituting thi= relation into Eq. (A-10)

E ;T = R (A-12)
SE= b — B A-12
¥ {fu (BB ME | €

uchl] o}

Combining Equations {A-11} and (A-12) with Eq. (A-9)

Lol

—
es. =
=

» {z- 20, (h-h )MR__ |

et
G-

F,(w) R, (A-13)

o oy

ot

5 i

Therefore, the mean square signal voltage at the amplifier input terminals is directly proportional
to R . Eq. {A-12} shows that the total damping resistance is also proportional to R_. However, an
upper limit on R__ is reached when it becomes equal to R, the amplifier input resistance. The
coil resistance at which this condition is reached inay be obtainad from Eq. (A-12) i R_ is

placed equal .o K.

— a {A-14)

= 7 ~ =
= g‘ EEC ‘i
o

tzmg (h-h JMR__
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and the signal voltage i= gi en by

= R, f;z@?{;i. h MR T Pl (ATD)
= G__}_ RC
=

Therefore, for coil resistances higher than the value for which the amplifier input
resistance alone provides the required external damping, the mean square signal voltage is
mnversely proportional to R_.

C. THERMAL NOISE AS A FUNCTION OF R.

Referring agair to the equivalent circuit diagram, Fig. A-1. the thermal noise at the

mnput terminals of the amplifier is related to the real part of the impedance between those

terminals by the familiar Nvquist noise relation.
3 - &TR_IZ)df (A-15)

where k Boltzmann's eonstant

T - Absclute temperature
The solution of the circuit for the real part of this impedance involves a fair amount of algebraic
manipulation, the result of which i<

= vR B R (’E = E);},; = ‘}
ey = KT df R = B x5 =

— | {A-19;
= xd R. (02 o®®«th? a2 o ]
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Again for notational convesiance, et

& ?.‘ x_.i; {::‘;- 3
F () e (A-20)

== E Tz = = 3. 3
{é.i’g {:3&} 4h- £23% 3%
s 3 4 e

At the sei=mometer resonance frequency F, (o) - 1.0, Also F_ {) 1= very nearly equal to unity
at frequencies near the seismometer resonance {or normally encountered damping factors in the

range 0.7 to 1.0. Making thi= =ubstitution

R U | B SRR ARS L

&

oy

Substituting Eq. (A-12), which i= valid, as before, for values of R_ smaller than the value for which

Rxd !Ra
20, (h-h )MR_, G2 h,
o2 —4kT df |1 - L3 ;—‘} I O 1*_0)F3{‘}3;]Re (A-22)
Gg -G}Oh;&{RCO h} J

The thermal noise iz, therefore, directly provortional to R for this case.

For values of R larger than R_ defined by Eq. (A-14)

R +R R R h _
Z?h = 4kT df (R, f} - [1 + ~— (1 = »59) F, (g)} {A-23)
Rg—iRc'}Ra R;*Rc ;
Substituting Eq. (A-16) into this expression
2 (h-h_ JMR__R h_° 1
;?h = 4kKT df Rg ji - a { - o) co'va l—}, - (1 1—‘:’) F;}{&% 5 {A-24)
| GZR, L \
At frequencies near the seismometer resonance F,(w) becomes approximately equal to unity and
[ {h-h R, R, h
—= 2o _{h-h_JMR_ \
el =4kTdIiR_ [1 L et ,f‘} LooR ;9] {A-25)
GoR,

If the seismometer open-circuit damping factor h, 1s small

2 =4KTdIR,

Therefore the mean square thermal noise remains essentially con=stant for very large values
of RC_.
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